Abstract: Despite the widespread occurrence of microsporidian parasites in vertebrates and many invertebrates, research regarding their effects on wild populations remains uncommon. We used several metrics of individual growth, condition, and population characteristics to evaluate the effects of a microsporidian infection (Glugea) on six infected populations of mottled sculpin (Cottus bairdii) compared with 10 nearby uninfected populations. Infected individuals (n = 129) were significantly heavier in each age class when compared with uninfected fish (n = 331), yet other measures of growth and condition indicated little influence of the parasite. No significant parasite-associated effects were found when comparing mortality rates, mean age, sex ratios, and history of population genetic bottleneck between infected and uninfected populations. Additionally, we did not detect significant differences in environmental variables or fish assemblages between streams with and without the parasite. Given the disfiguring nature of infection and the strong effects of microsporidian parasites on other hosts, the lack of significant effects caused by parasitism was unexpected and is likely attributed to strong host density-dependent population dynamics or relatively low host infection intensities.
Introduction
Infectious disease can have profound effects on host species in natural ecosystems, such as regulating abundance (Hudson et al. 1998) , shaping genetic variation (Burdon and Shattock 1980) , and limiting coexistence with other species or even conspecifics (Holt and Pickering 1985; Behringer et al. 2006) . While the influence of disease on populations has long been recognized (Mitchell 2001) , the difficulty in accessing study organisms and environments in aquatic ecosystems has resulted in deficiencies in our knowledge of how disease affects wild fish populations (Hedrick 1998) . Consequently, most studies of fish disease focus on captive individuals and populations, whereas knowledge of how diseases affect wild populations is comparatively sparse (Mitchell 2001) . Discovering how disease influences wild populations is important to better manage aquatic ecosystems (Riley et al. 2008; Fisher et al. 2012 ) and improve basic understanding of biotic interactions (Holomuzki et al. 2010) . Moreover, increasing rates of fish disease reported in the literature further emphasize the urgency of better understanding the consequences of disease in aquatic ecosystems (Johnson and Paull 2011) .
Despite parasites from the phylum Microsporidia being ubiquitous among animal taxa, little is known about ecological impacts caused by their infections. Microsporidians comprise a diverse phylum (>1200 described species in 150 genera) of eukaryotic, intracellular parasites that occur most commonly in insects and fishes (Keeling and Fast 2002) . Characterized by free-living infective spores, microsporidian infections of fish often result in disfiguring hypertrophic host cells known as xenomas (Weissenberg 1968 ; Fig. 1 ) that presumably alter a host's ability to function normally. Parasitized cell function and morphology undergo vast changes as the microsporidian becomes physiologically integrated with its host (Lom and Dyková 2005) , likely resulting in physiological costs to infected individuals. Limited knowledge of the ecological impacts of microsporidian infection includes compelling evidence of strong population and community consequences for aquatic insects (Kohler and Wiley 1997; Kohler and Hoiland 2001) and yellow perch (Perca flavecens; Johnson and Dick 2001) .
Understanding how a parasite influences the condition and growth of its host is foundational to understanding the parasite's ecological role. Parasites commonly deteriorate the condition of their host as they consume energetic resources of the host or cause the host to undergo immune responses at an energetic cost (reviewed in Barber et al. 2000) . Reduced condition and loss of body mass have been observed in fish hosts of microsporidians, including American winter flounder (Pseudopleuronectes americanus) infected by Glugea stephani (Cali et al. 1986 ) and Atlantic cod (Gadus morhua) infected by Loma branchialis (Khan 2005) . Additionally, during a period of food deprivation, threespine sticklebacks (Gasterosteus aculeatus) infected by Glugea aculeatus were observed to lose significantly more body mass than uninfected conspecifics (Ward et al. 2005) .
The response in host population dynamics to infection is also critical for evaluating the ecological role of a parasite. Sharp increases in mortality are common in microsporidian host species (Cali et al. 1986 ). Examples include high mortality rates for Atlantic cod (Khan 2005) and salmonids (Hauck 1984) infected with microsporidians. Although not previously used to examine the effects of microsporidian parasites on fish hosts, examination of host population genetic diversity can provide insight regarding trends in population dynamics. Populations experiencing declines in abundance commonly undergo concurrent reductions in genetic diversity (Lozier et al. 2011) , because populations with low abundance are more vulnerable to genetic drift and subsequent extinction risks (Frankham 2005) . Moreover, evaluating evidence of genetic bottlenecks (i.e., excessive heterozygosity) is a common tool for detecting recent reductions in abundance resulting from increased mortality or reduced recruitment (Spencer et al. 2000; Selkoe and Toonen 2006) that fish populations infected with microsporidians are likely to experience (Cali et al. 1986; Khan 2005) .
We quantified the effects of a microsporidian parasite (Glugea sp.) on the condition, growth, and population-level characteristics of its host, mottled sculpin (Cottus bairdii), by comparing fish from infected and uninfected populations. We defined populations by sampling fish in different streams. While previous ecological research on Glugea is limited, the parasite has been observed to exhibit large and numerous xenomas within individual hosts, host specificity, and a dichotomous nature of either high prevalence or absence in host populations (J.A. Ryan and S.L. Kohler, Western Michigan University, personal communication). The parasite's mottled sculpin host is an important member of many stream ecosystems, because sculpins (Cottus spp.) frequently dominate North American fish assemblages (e.g., Scott and Crossman 1973) and provide a trophic link between aquatic invertebrates and piscivorous predators (Becker 1983) . Based on previous studies of the effects of microsporidians on their host species, we hypothesized that Glugea-infected mottled sculpin would experience (i) reduced condition and growth and (ii) altered population dynamics. Specifically, we hypothesized that the altered mottled sculpin population dynamics would manifest as lower densities, reduced relative abundances in fish assemblages, increased mortality rates, biased sex ratios (although the direction was not clear), reduced genetic diversity, and significant evidence of genetic bottlenecks for fish in streams infected with Glugea. We also evaluated environmental variables and fish assemblages in streams with and without Glugea to assess whether environmental conditions and community composition were associated with the parasite's presence in streams (e.g., Murcia et al. 2011; McGinnis and Kerans 2013) , which also allowed us to assess whether environmental conditions may confound effects of the parasite on fish condition, growth, and population-level characteristics. Additionally, because disease can result in community-level change (e.g., Packer et al. 2003; Holt and Roy 2007) , fish assemblages were compared between streams with and without the parasite to assess indirect effects on community composition.
Methods

Field methods
Sampling occurred in May-July 2011 and June-July 2012. We collected observations from 16 tributaries of the Grand, Kalamazoo, Muskegon, St. Joseph, and White rivers in the western portion of Michigan's Lower Peninsula (Fig. 2) . Fish sampling was conducted using a backpack electrofishing unit (ETS Electrofishing, Verona, Wisconsin), and all fish captured in a 90 m reach were identified to species and enumerated. Specific streams and sampling locations were selected based on accessibility and previous observations that indicated streams contained Glugea (S. Kohler, personal observation).
We captured the first 20-30 mottled sculpin while backpack electrofishing in each stream (n = 460). Small individuals that were presumed to be age 0 were excluded from collections, because previous investigation failed to detect definitive signs of infection during the early weeks following hatching (J. Ryan, personal communication). All individuals were immediately euthanized using tricaine methanesulfonate (MS-222). Either a fin clip (ϳ1 cm 2 ) was taken and stored dry in individually marked vials or a white tissue sample (ϳ5 mg) was removed from below the epidermis to the right side of the anterior dorsal fin for use in genetic analyses. Fish and tissue samples were placed on ice in a cooler during transportation to the laboratory. Euthanized fish were stored at -20°C until necropsies were performed (<2 months after collection), and white tissue samples and fin clips were stored at -80°C immediately upon arrival to the laboratory (<2 h after collection) until DNA extraction occurred.
Measurement techniques for environmental variables were based on the methods of Fitzpatrick et al. (1998) . The length of a surveyed stream reach was determined by multiplying the channel's mean wetted width (m) by 20 (or at least 150 m) to ensure that a representative combination of habitat features was sampled, which always included the 90 m electrofishing reach. Environmental measurements were made at 11 equidistant transects in each reach. At each transect, water depth (cm) and velocity (m·s -1 ) were measured using a wading rod and Marsh-McBirney flow meter (Hach Company, Loveland, Colorado) in the stream's thalweg and at half the distance between the thalweg and bank (n = 3 measurements for each transect). Percent composition of substrate was visually estimated based on maximum diameter of particles (fine: <2 mm; gravel: 2-32 mm; cobble: >32 mm). Percent macrophyte (submerged and emergent) coverage was visually estimated at each transect. Specific conductivity was measured in the thalweg of each transect using a YSI30 conductivity meter (YSI Inc., Yellow Springs, Ohio). 
Laboratory methods
We verified the identity of the parasite using genetic barcoding techniques. To do this, we used the universal primer set V1(18f) and 1492r (Weiss and Vossbrinck 1998; Vossbrinck and Debrunner-Vossbrinck 2005) to sequence the small subunit of the ribosomal DNA (rDNA) of spores obtained from homogenized xenomas. DNA extractions were performed using QIAGEN DNeasy kits (Qiagen, Inc., Valencia, California) on spores obtained from five different fish from each population that had xenomas. PCR was conducted in 25 L volumes containing 2 L of template DNA, 5 L of 1× polymerase buffer (Promega), 1 L each of 5 mmol·L -1 V1(18f) and 1492r primers, 0.2 L 1.0 U Taq polymerase, 2 L of 2.5 mmol·L -1 MgCl 2 , 2.5 L of 0.2 mmol·L -1 dNTPs, and sterile water. PCR amplification occurred using a touchdown protocol that included 94°C for 3 min, then 10 cycles of 94°C for 45 s, a temperature beginning at 62°C that is reduced by 1°C each cycle for 45 s, and 72°C for 2 min, followed by 25 cycles of 94°C for 45 s, 52°C for 45 s, and 72°C for 2 min, concluding with a final extension period of 72°C for 5 min. The PCR products were cleaned using 0.05 L exonuclease I, 0.2 L shrimp alkaline phosphatase, and 1.75 L of sterile water for each reaction that was incubated at 37°C for 45 min and then 80°C for 20 min (Exo-Sap protocol). Next, sequencing reactions for each strand of DNA were performed in 10 L volumes containing 2 L of template, 1.5 L 5× sequence buffer, 1 L 3.3 mmol·L -1 primer (V1(18f) or 1492r), 1 L BigDye sequencing kit, and sterile water. Conditions for the sequencing reaction were as follows: 95°C for 1 min, followed by 25 cycles of 95°C for 15 s, 50°C for 10 s, and 60°C for 4 min. Sequencing was subsequently conducted using an ABI 3130xl automated genetic analyzer (Applied Biosystems, Inc., Foster City, California). Resultant sequences were trimmed and aligned visually in the program MEGA4 (Tamura et al. 2007 ) and then queried against the GenBank nucleotide database using the BLAST algorithm to quantify similarity to known sequences (http://blast.ncbi.nlm. nih.gov; Altschul et al. 1990 Altschul et al. , 1997 .
We used a set of six microsatellite loci to evaluate the impact of infection on host genetic diversity using 20 mottled sculpins from each stream. DNA was extracted from fin clips or white tissue samples using Qiagen DNeasy blood and tissue kits using manufacturer's specifications. Given that DNA of less than optimal quality was obtained from fin clip extractions, white tissue was used exclusively for subsequent analyses. We conducted PCR at six polymorphic microsatellite loci (Table 1) . PCR was performed in 25 L volumes containing 2 L of template DNA, 5 L of 1× polymerase buffer (Promega), 0.5 L of fluorescently labeled primer, 0.5 L of locus-specific fluorescent primer tag (Table 1) , 1 L of unlabeled primer, 0.2 L 1.0 U Taq polymerase, and locusspecific amounts of 2.5 mmol·L -1 MgCl 2 , 0.2 mmol·L -1 dNTPs (Table 1) , and sterile water. PCR conditions used the following touchdown procedure (Don et al. 1991; Korbie and Mattick 2008) : initial denaturing at 94°C for 2 min, followed by 10 cycles of 94°C for 30 s, a locus-specific annealing temperature (Table 1) that was reduced by 1°C for each cycle for 30 s, and 72°C for 30 s, followed by 30 cycles of 94°C for 30 s, the final temperature from the previous set of annealing cycles (i.e., initial annealing temperature minus 10°C) for 30 s, and 72°C for 30 s, concluding with a final extension period of 72°C for 10 min. Resulting PCR products were multiplexed into two sets (set 1: Cba14, Cco09, Cgo18ZIM, and Cgo310MEHU; set 2: Cott112 and Cott290) before undergoing electrophoresis in an ABI Prism 3130xl automated genetic analyzer. Alleles were scored using either GeneMapper version 3.7 or Peak Scanner version 1.0 (Applied Biosystems, Inc.).
Necropsy was used to diagnose infected individuals and measure effects of the parasite on mottled sculpin. Total length (mm) and wet mass (hereafter mass) of fish were measured prior to making initial incisions, and all mass measurements were recorded to the nearest 0.001 g using an electronic balance. Accuracy of external disease detection was evaluated by comparing the presence or absence of xenomas assessed visually through the abdominal epidermis prior to making the initial incision and the internal visual examination of the body cavity for xenomas. All xenomas from a fish were weighed aggregately, and any fish where xenomas were undetected were classified as uninfected. Wet liver mass was measured to calculate the liver somatic index (LSI), where lower values indicate impaired condition (Heidinger and Crawford 1977) . Sex of each fish was determined by visual inspection of the gonads for circular (ovarian) or elongated (testicular) structures (Guerrero and Shelton 1974) . Both sagittal otoliths were removed from each individual for aging. Once removed, otoliths were submerged in clove oil to improve annuli clarity before being photographed whole via a microscope .
Environmental and fish assemblage analyses
Differences in fish assemblages among streams with infected and uninfected populations of mottled sculpin were evaluated using nonmetric multidimensional scaling to identify potential biotic factors that could influence Glugea presence. The Sørensen (Bray-Curtis) coefficient was used as the distance measure on the relative abundances of all species. A multiresponse permutation procedure was used to test for significant differences in the fish assemblages between infected and uninfected streams. We retained rare species (<5% occurrence) in our multivariate analyses to improve our ability to detect subtle ecological gradients (Cao et al. 1998; Poos and Jackson 2012) . However, as a precaution, analyses were conducted both with and without rare species, which indicated that inclusion of rare species did not change the interpretation of results.
A multivariate analysis of variance (MANOVA) was used to assess whether environmental factors were associated with Glugea infections in mottled sculpin. Environmental variables that we included in the MANOVA were percentage of fine substrate, mean wetted stream width, specific conductivity, mean water depth, and forested land cover within the stream basin (none of these environmental variables were significantly correlated with each other; Pearson correlation coefficients (r), p > 0.06). We used geographic information system (GIS) technology to quantify land use for each of our stream basins. In particular, we quantified forest land cover within a stream basin as an indicator of the anthropogenic disturbance in the basin (i.e., more forested land cover is associated with less anthropogenic disturbance). Data originated from the 2006 National Land Cover Database (Fry et al. 2011 ) that was clipped into basin-specific partitions using the program BASINS 4 (USEPA, available from http://water.epa.gov/scitech/ datait/models/basins/index.cfm). Clipped land cover data was then Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)
quantified and divided into forested, agricultural, developed, or aquatic categories using ArcMap 10 (ESRI, Redlands, California).
Host growth and condition analyses
To measure the effects of Glugea infection on host mottled sculpin, we made comparisons between infected (n = 129) and uninfected (n = 330) individuals using several metrics of growth and condition. First, we evaluated the effect of the parasite on individual growth rates by testing whether somatic mass (i.e., mottled sculpin mass -aggregate xenoma mass -stomach content mass) at age differed depending on infection status using a randomized block analysis of variance (ANOVA), where age was the blocking variable. We also evaluated the effect of infection intensity (i.e., xenoma mass / somatic mass) on somatic mass at each age using multiple regression analysis. Second, two measures of whole-body condition were compared by infection status. We tested whether LSI differed with infection status using a Student's t test. The LSI was calculated as the ratio of liver mass / somatic mass, where all measurements were wet mass (g). The influence of infection intensity on LSI was then evaluated using linear regression. Next, we tested whether the slope of the length -somatic mass relationship differed with infection status (including interactions) using an analysis of covariance (ANCOVA); log 10 (somatic mass) was the response variable and log 10 (total length) was the covariate. The role of infection intensity on the length -somatic mass relationship was subsequently tested by regressing the residuals from the length -somatic mass relationship (a measure of an individual fish's condition) against infection intensity. Finally, to account for the possibility that differences in environmental conditions (including variables that we did not measure) among streams covaried with the presence of the parasite, we repeated all analyses using only individuals from streams that contained the parasite, which reduced the sample size to 170 mottled sculpin (129 infected, 41 uninfected). Based on residual plots, we used a log 10 transformation (x + 1 when zero values were present) on total length, somatic mass, and liver somatic index to correct for heteroscedasticity.
Host population-level characteristics
To evaluate the effect of Glugea on mottled sculpin population characteristics, we assessed how age, sex ratio, mortality, abundance, genetic diversity, and genetic bottlenecks differed between infected and uninfected populations. First, we tested whether the mean age of mottled sculpin differed depending on infection status using a t test. We then tested whether infection intensity (i.e., xenoma mass / somatic mass) increased with age using regression. Next, sex ratios were compared among streams based on infection status using Fisher's exact test. Third, we tested whether mortality rates differed among streams based on infection status using a t test. Morality rate (Z) of each population was estimated using Chapman and Robson's maximum likelihood method, which estimates an instantaneous mortality rate assuming constant mortality and recruitment among years as well as an equal probability of capture for each year class (Chapman and Robson 1960) . Agefrequency plots indicated no major assumption violations for our data (Murphy 1997) . Fourth, differences in the density (fish captured/ area sampled) and relative abundance of mottled sculpin were compared among streams with and without the parasite using a t test. Fifth, we tested whether measures of genetic diversity differed with infection status using t tests. Diversity measures included mean number of alleles (N A ) and allelic richness (A), which were estimated using the program FSTAT (Version 2.9.3.2; Goudet 1995), as well as observed heterozygosity (H O ), expected heterozygosity (H E ), and Wright's inbreeding coefficient (F IS ), which were estimated using GenePop (Raymond and Rousset 1995) . We evaluated evidence for genotypic abnormalities using the program MicroChecker (van Oosterhout et al. 2004) , identifying one locus exhibiting evidence of null alleles and no evidence of stuttering or allelic dropout. The locus Cgo310MEHU showed evidence of null alleles in the Bigelow Creek and Cedar Creek populations (estimated frequency: 0.15 for each population). Owing to the relatively low estimated frequency of null alleles and evidence only being recorded in two populations, Cgo310MEHU was retained for genetic diversity estimates. Finally, we tested for evidence of genetic bottlenecks in each population. Genetic bottlenecks caused by severe recent reductions in effective population size can be detected when expected heterozygosities (H E ) are higher than expected given mutation-drift equilibrium heterozygosities. Such evidence was evaluated using the program BOTTLENECK (version 1.2.02; Piry et al. 1999) . Bottleneck effects were evaluated under an infinite-allele model (IAM), stepwise mutation model (SMM), and two-phase mutation model (70% of SMM mutations and 30% IAM mutations). Significance of heterozygosity excess over all loci was determined using a one-tailed Wilcoxon signedrank test, which is particularly powerful when fewer than 20 loci are considered (Piry et al. 1999) . Considering the low number of loci we tested, we applied a Bonferroni correction to a more liberal ␣ = 0.10 (rather than using ␣ = 0.05), yielding a corrected critical value of 0.0063. All of the above statistical analyses were performed using R version 2.13.2 (R Development Core Team 2011) unless otherwise noted. 
Results
Parasite identification
Using genetic barcoding techniques, we identified the parasite as Glugea. The diagnostic region of the rDNA small subunit was successfully sequenced for spores from a total of 26 mottled sculpin that included five individuals from Bigelow, Rice, and Sevenmile creeks, four individuals from Augusta and Wilder creeks, and three individuals from Silver Creek. Variation among sequenced spores was limited (<1%). BLAST searches confirmed the spores as Glugea, as they exhibited 98% similarity to five known External visual identification of infection was typically not effective, indicating the need to perform necropsy to identify infected mottled sculpin. Infection was evident through external observation of the ventral midsection in 32.1% of fish that were found to be infected following dissection. No fish that appeared to be infected during external examination were found to be uninfected during necropsy.
Environment and fish assemblages
We detected Glugea in mottled sculpin from six streams ( Table 2) . A total of 460 mottled sculpin were retained for laboratory examination. The percentage of infected mottled sculpin in populations where Glugea occurred ranged from 53% (Wilder Creek) to 87% (Bigelow Creek; Table 2 ). Most infections were of relatively low intensity (Glugea mass <0.01 of total fish mass in 71% of infected fish; Fig. 3) , although values ranged up to 0.245.
A total of 2519 fish were captured, representing 30 different species (Appendix A). Mottled sculpin was the most commonly caught species (69.8% of catch) followed by brown trout (Salmo trutta; 11.1%). The nonmetric multidimensional scaling of fish assemblages provided a two-dimension solution (stress = 0.11) that indicated modest separation of fish assemblages among streams by infection status (Fig. 4) . However, fish assemblages did not differ among streams by infection status based on the multiresponse permutation procedure (A = 0.01, p = 0.24). Additionally, environmental variables were not found to differ significantly among streams with and without Glugea (MANOVA: Wilk's = 0.73, F [5, 10] = 0.75, p = 0.61; Table 3 ), providing evidence that the environmental conditions of the streams we studied did not differ markedly by infection status.
Host growth and condition
We did not find evidence that the Glugea infection negatively affected the growth and condition of mottled sculpin. First, con- Table 3 . Mean values of five environmental variables for streams with (n = 6) and without (n = 10) Glugea (±1 standard error in parentheses). trary to our hypothesis that Glugea would negatively affect fish growth, we found that infected mottled sculpin were larger in terms of somatic mass at a given age than uninfected individuals (F [1, 451] = 49.25, p < 0.001; Fig. 5 ) and that the interaction between infection status and age was not significant (F [3, 451] = 0.08, p = 0.97).
To account for potential environmental effects (by stream) on growth, analyses of somatic mass at age were repeated using only individuals from populations co-occurring with Glugea, which yielded similar results (not shown). Additionally, using a multiple regression model, we found that somatic mass of mottled sculpin increased with age as expected (t 125 = 2.50, p = 0.01) and, more importantly, there was a significant interaction between age and infection intensity (t 125 = -2.04, p = 0.04, R 2 = 0.70; Fig. 6 ). For older mottled sculpin, growth rates (i.e., somatic mass at age) were lower for individuals with more severe infections, but the opposite trend was apparent for younger individuals (Fig. 6) . Second, we found weak evidence that the condition of mottled sculpinmeasured by LSI -was negatively affected by the parasite. The LSI was significantly lower for infected individuals across all streams (t 458 = 3.63, p < 0.001; Fig. 7A ). However, when only considering individuals co-occurring with Glugea, LSI values did not differ with infection status (t 85 = 0.14, p = 0.89; Fig. 7B ). Moreover, there was no relationship (i.e., slope not significantly different from zero) between LSI and infection intensity (t 127 = 1.86, p = 0.07, R 2 = 0.02), further suggesting that the parasite did not strongly affect the condition of mottled sculpin. Finally, we did not find evidence that the condition of mottled sculpin -measured by the lengthmass relationship -was negatively affected by the parasite. We found that somatic mass increased with total length (t 456 = 60.71, p < 0.001) and the slopes of the relationship differed significantly with infection status (t 456 = 2.51, p = 0.01; Fig. 8A ). However, the largest differences were for small mottled sculpin, although the Fig. 6 . Relationship between somatic mass and Glugea infection intensity (i.e., xenoma mass / somatic mass) among mottled sculpin from four age groups (n = 129).
Fig. 7.
Mean (±1 standard error) liver somatic index of infected and uninfected mottled sculpin for (A) all sampled populations (n = 460) and (B) only populations co-occurring with Glugea (n = 170).
effect size (i.e., difference in regression lines) was small and diminished as total length increased (Fig. 8A ). For instance, the predicted somatic mass of a small (44 mm) mottled sculpin with infection was 0.193 g greater than an uninfected fish, a difference of 4.2%. When we limited analyses to individuals from populations co-occurring with Glugea, there was no significant difference between the slopes (t 166 = 0.45, p = 0.66) or intercepts (t 166 = 1.02, p = 0.30; Fig. 8B ), although somatic mass still increased significantly with total length (t 166 = 1318.23, p < 0.001; Fig. 8B ). The residuals from the regression between somatic mass and total length were not significantly associated with infection intensity (t 127 = 1.01, p = 0.32, R 2 < 0.01), further supporting the lack of a strong negative effect of the parasite on mottled sculpin condition.
Population-level characteristics
Contrary to our hypotheses, we found little evidence to suggest that mottled sculpin populations were strongly affected by the Glugea infection. First, we found that mean age of mottled sculpin did not differ significantly between infected and uninfected individuals (t 458 = 0.22, p = 0.82; Fig. 9A ), suggesting that the parasite was not strongly affecting the age structure of mottled sculpin. When we considered mottled sculpin from infected populations only, mean age was higher for infected individuals (t 168 = -2.02, p = 0.05; Fig. 9B ), which may be explained by older fish being more likely to be infected than younger individuals, consistent with our conclusion that the disease did not strongly increase the mortality of older individuals. Additionally, there was no relationship between infection intensity and age (t 127 = -0.83, p = 0.41, R 2 < 0.01). Second, no significant difference was found between mottled sculpin densities in streams with (mean ± 1 standard error (SE): 0.10 ± 0.04 mottled sculpin·m -2 ) and without (0.16 ± 0.04 mottled sculpin·m -2 ; t 14 = 1.05, p = 0.31) Glugea. Similarly, mottled sculpin relative abundances did not differ significantly with infection status (infected: 0.55 ± 0.06, uninfected: 0.63 ± 0.11; t 14 = 0.93, p = 0.37). Third, instantaneous mortality rates (Z) did not differ among streams based on infection status (infected: Z = 0.57 ± 0.03 year −1 , uninfected: Z = 0.52 ± 0.02 year −1 ; t 14 = -0.79, p = 0.45), consistent with our findings that mean age and density of mottled sculpin were not strongly affected by infection status. Fourth, mottled sculpin susceptibility to infection did not differ significantly with sex (males: 28.8% prevalence; females: 27.1% prevalence; two-sided Fisher's exact test: p > 0.87). Consequently, sex ratios did not differ among streams that were infected (males/females = 1.152) or uninfected (1.148) with Glugea. Fifth, we did find evidence of reduced genetic diversity for mottled sculpin populations infected with Glugea, as populations infected with Glugea had significantly lower H E and F IS (Table 4) . Finally, we did not find evidence of any population having experienced a recent bottleneck (Table 5) , suggesting that infected populations had not experienced dramatic declines in abundance compared with uninfected populations. Fig. 8 . Relationship between somatic mass and total length for infected and uninfected mottled sculpin for (A) all sampled populations (n = 460; uninfected: y = -5.14 + 3.13x; infected: y = -4.60 + 2.85x; where y = log 10 (somatic mass) and x = log 10 (total length)) and (B) only populations co-occurring with Glugea (n = 170; uninfected: y = -4.77 + 2.94x; infected: y = -4.60 + 2.85x). Note that the regression lines in panel (A) are significantly different, whereas the regression lines in panel (B) are not significantly different. 
Discussion
Given the ability of Glugea xenomas to disfigure their hosts (e.g., Fig. 1 ), we found considerably fewer effects of infection on mottled sculpin than hypothesized. For instance, we found increased growth rates of mottled sculpin that are parasitized by Glugea and little evidence of reduced overall condition. Similarly, effects on host population-level characteristics were minimal, with the only detectable difference being reductions in expected heterozygosity and Wright's inbreeding coefficient for infected populations. The ability of population-level characteristics of the host species to remain largely unaffected by the parasite suggests that diseaseassociated deaths are either compensatory or that the intensity of infection in our study streams may not be severe enough to cause detectable effects in most fish. Highly stable population dynamics of mottled sculpin, despite highly variable environmental conditions, have been previously explained using a model of simple density dependence (Grossman et al. 2006) . Moreover, Grossman et al. (2006) found that when adult mottled sculpin were removed temporarily from stream reaches, they were quickly replaced by juveniles (that are generally competitively inferior). The lack of significant differences in mortality rates, mean age, and density of mottled sculpin among streams with and without Glugea suggests a potentially high host tolerance to the physiological costs associated with infection, at least at the relatively low infection intensity (Fig. 3) we observed in most infected populations. Therefore, disease-induced effects on host populations may be small. Controlled experiments that manipulate infection intensity of Glugea are needed to establish the relationship between severity of the infection and the physiological costs to mottled sculpin. Moreover, assessing population-level characteristics over time (e.g., abundance and mortality rate), such as implementing tagging studies (Keeler et al. 2007 ), may provide a stronger tool to detect subtle population-level effects of the Glugea parasite on mottled sculpin.
The increased individual growth rate of infected mottled sculpin was unexpected given the presumed metabolic costs of infection. One potential cause of this relationship is a reallocation of resources within infected mottled sculpin. For instance, if fecundity is diminished for infected individuals, then more energy may be allocated to somatic growth. Alternatively, larger individuals can have naturally higher foraging rates that may result in increased risk of exposure to Glugea spores (e.g., Hutchings et al. 2002; Hall et al. 2007 ). Moreover, because differences in the total length -somatic mass relationship of infected and uninfected individuals were likely of little ecological consequence in our study, maintaining similar length-mass relationships regardless of infection status further supports a lack of metabolic costs due to infection. Finally, larger individuals may be more vulnerable to infection if the parasite experiences resource-dependent virulence. An example of this understudied host-parasite dynamic is a Daphnia-infecting fungal parasite that caused well-fed hosts to experience relatively rapid mortality compared with poorly nourished hosts because increased energy stores allowed the parasite to develop faster (Hall et al. 2009 ).
Although we were unable to detect strong patterns in environmental conditions between streams based on the presence of Glugea, further study focused on linking environmental factors with the spatial distribution of microsporidians is warranted. Unfortunately, records are not available to determine how long Glugea has infected mottled sculpin in our study streams, therefore precluding the possibility of investigating the historical spatiotemporal dynamics of the disease. Nevertheless, water temperature has been implicated as an important factor affecting the development rates of other microsporidians (e.g., Olson 1981; Takvorian and Cali 1984; Speare et al. 1998; Becker et al. 2006) . We hypothesize that summer water temperature is an important factor affecting the spatial distribution of Glugea among streams; however, this hypothesis remains untested because we were unable to adequately characterize water temperatures in our streams.
Despite microsporidian parasites being ubiquitous, our study represents a rare effort (but see Johnson and Dick 2001) to examine the basic ecological role of a microsporidian parasite on a fish host in the wild. Overall, our results convey much less disruptive consequences of infection compared with those of other studies of microsporidians. While mottled sculpin in our streams were only modestly affected by Glugea, size and condition of juvenile yellow perch in Canadian Shield lakes declined as infection intensity of Glugea increased, and Glugea was linked to parasite-induced mortality of infected yellow perch (Johnson and Dick 2001) . Other examples of strong ecological effects of microsporidian parasites include cyclic collapses of caddisfly populations infected with Microsporidium spp. (Kohler and Wiley 1992) and colony collapse disorder of various bee species infected with Nosema ceranae (Higes et al. 2008) . Our study also suggests a lag time between infection and xenoma development in mottled sculpin, because infected fish had a significantly greater mean age than uninfected individuals when considering only populations that co-occur with Glugea (Fig. 9B) . The lag between infection and xenoma development could be due, in part, to a latent period, where some individuals we classified as uninfected were actually infected with the parasite but had not yet developed xenomas. The hypothesis of a latent period is supported by our finding that LSI was not significantly different between fish we classified as infected and uninfected in populations that co-occur with Glugea (Fig. 7B) . Nevertheless, given the apparent variability in microsporidian effects on hosts and that relatively little is known regarding the ecological roles of these parasites in nature, future investigation should focus on understanding the ecological roles of this unique group of organisms to determine whether the weak effects of Glugea on mottled Table 4 . Comparison of mean genetic diversity measures for Glugeainfected (n = 6) and uninfected (n = 10) mottled sculpin populations estimated using six microsatellite loci. Significance was assessed using t tests (standard error in parentheses). 
